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Incommensurate interactions and non-conventional spin-Peierls transition in TiOBr
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Temperature-dependent x-ray diffraction of the low-dimensional spin 1/2 quantum magnet TiOBr
shows that the phase transition at Tc2 = 47.1(4) K corresponds to the development of an incom-
mensurate superstructure. Below Tc1 = 26.8 ± 0.3 K the incommensurate modulation locks in into
a two-fold superstructure similar to the low-temperature spin-Peierls state of TiOCl. Frustration
between intra- and interchain interations within the spin-Peierls scenario, and competition between
two-dimensional magnetic order and one-dimensional spin-Peierls order are discussed as possible
sources of the incommensurability.
PACS numbers: 75.30.Et, 75.30.Kz, 61.50.Ks, 61.66.Fn
I. INTRODUCTION
Recently, TiOCl was proposed to be a quasi-one-
dimensional (1D) S = 1/2 quantum spin system, that
develops a spin-Peierls state at low temperatures.1 The
spin-Peierls state is now well established by the tempera-
ture dependence of the magnetic susceptibility (χm), that
is zero below the phase transition at Tc1 = 67 K, the ob-
servation by NMR of two independent Ti atoms below
Tc1, the two-fold crystallographic superstructure below
Tc1 and electronic band-structure calculations.
1,2,3,4 The
atomic displacements in the superstructure as well as the
calculated band structure, with the single valence elec-
tron of Ti3+ occupying the dxy orbital, indicate that the
spin-Peierls state is formed on the chains of Ti atoms
parallel to b via direct exchange interactions.1,3,4
Although the properties of the low-temperature phase
of TiOCl are those of a true spin-Peierls system, TiOCl
is not a conventional spin-Peierls compound, because the
phase transition at Tc1 is first-order. The temperature
dependencies of χm, electron spin resonance (ESR), nu-
clear magnetic resonance (NMR), specific heat (Cp) and
x-ray diffraction have shown that a second-order phase
transition occurs at Tc2 = 91 K.
1,2,3,5,6 The 1D charac-
ter of the magnetic interactions was also supported by
the temperature dependencies of optical reflectivity and
angle-resolved photoelectron spectroscopy (ARPES),7,8,9
although it was suggested that on cooling from room tem-
perature, a crossover from two-dimensional (2D) towards
1D interactions occurs.7,10 The nature of the state above
Tc1 is not understood yet. Orbital, spin and structural
fluctuations have been proposed to be responsible for the
properties of TiOCl.2,6,11,12 However, Ru¨ckamp et al.9
suggested that orbital fluctuations can be ruled out.
TiOBr and TiOCl crystallize in the FeOCl structure
type.13,14 Physical properties of both compounds are sim-
ilar, with the two transition temperatures scaled down
towards Tc1 = 27 K and Tc2 = 47 K in TiOBr.
9,15,16,17,18
The two-fold superstructures below Tc1 are similar in
TiOCl and TiOBr, suggesting a spin-Peierls state for
TiOBr too.19 In the present contribution we report the
discovery of incommensurate satellite reflections in x-
ray diffraction of TiOBr at temperatures T with Tc1 <
T < Tc2. Complete crystal structures are presented,
but the data do not allow to distinguish between a
one-dimensional and a two-dimensional incommensurate
modulation wave. These two models provide two possible
interpretations for the understanding of the interatomic
interactions in TiOBr and TiOCl.
II. EXPERIMENTAL
Single crystals of TiOBr were prepared by gas trans-
port reaction.13,19 A single crystal of dimensions 0.27 ×
0.13 × 0.002 mm3 was glued on a carbon fiber that was
attached to a closed-cycle helium cryostat mounted on
a four-circle Huber diffractometer. Single-crystal x-ray
diffraction with synchrotron radiation was measured at
beam-line D3 of Hasylab (DESY, Hamburg), employing
monochromatized radiation of wavelength 0.5000(1) A˚
and a point detector.
Diffraction at room-temperature confirmed the FeOCl
structure type.19 The temperature dependence of the
component q1 of the modulation wavevector q =
(q1, 0.5, 0) was determined from q-scans along a
∗ centered
on the positions (−2,−3.5,−1) and (1,−3.5,−2). Up to
Tc1 = 27 K a single peak was found at q1 = 0, while
for Tc1 < T < Tc2 = 47 K two peaks appeared in each
scan, at positions ±q1 (Fig. 1a). Above Tc2 any diffrac-
tion at these positions had disappeared. These results
show that below Tc1 TiOBr has a two-fold superstruc-
ture, while in the intermediate phase TiOBr is incom-
mensurately modulated. The component q1 of the mod-
ulation wavevector was found to continuously decrease
on decreasing temperature, and it jumps to zero at Tc1
(Fig. 2a). This result corroborates the incommensurate
character of the modulation in the intermediate phase,
and it shows the first-order character of the transition
at Tc1. The transition temperature was determined from
Fig. 2a as Tc1 = 26.8± 0.3 K.
The integrated intensities of reflections were measured
by ω-scans centered at the expected reflection positions.
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FIG. 1: (a) Q-scans along a∗ centered on (−2,−3.5,−1) at
T = 17.5 K (open circles) and T = 37 K (full circles). (b)
Q-scans along b∗ centered on (0.075,−2.5,−1) at T = 35 K.
Lines are a guide for the eye. Step-widths of the scans were
0.0025. Intensities in (a) are higher than those in (b).
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FIG. 2: (a) Temperature dependence of q1 in q = (q1, 0.5, 0).
q1 was obtained as half the distance between the two max-
ima in q-scans, like those given in Fig. 1a. (b) Tempera-
ture dependencies of the intensities of the satellite reflections
(−2,−3.5,−1) (squares) and (2 + q1,−3.5,−1) (circles). The
line represents a fit with the function I(T ) = I0
√
1− T/Tc2
with Tc2 = 47.0(6) K. Similar plots lead to Tc2 = 47.1(6) K
for (−2− q1,−3.5,−1), Tc2 = 46.8(8) K for (1 + q1,−3.5,−2)
and Tc2 = 48(2) K for (1− q1,−3.5,−2).
In this way, the temperature dependencies were mea-
sured of the intensities of two commensurate satellites
(below 27 K) and of four incommensurate satellites (Fig.
2b). Due to an experimental error, reliable intensities
were not obtained for temperatures 27.5 K ≤ T ≤ 32
K. The intensities I(T ) above Tc1 could be fitted by a
function I(T ) = I0
√
1− T/Tc2, that provided consistent
estimates for the transition temperature from all four re-
flections, with an average value of Tc2 = 47.1(4) K. The
gradual loss of intensity of the incommensurate satellites
on approaching Tc2 is an indication for the second-order
character of the phase transition at this temperature.
Incited by the observation, that some reflections were
broader than others in the ω-scans of the data collection
(see below), the possibility of a second incommensurate
component of the modulation was investigated, then re-
sulting in a modulation wavevector q = (q1, 0.5 + δ, 0).
Evidence for a splitting along b∗ was obtained from q-
scans along b∗ with narrow slits (Fig. 1b). These results
show that each incommensurate satellite (q1, 0.5, 0) ac-
tually is the superposition of two satellites (q1, 0.5± δ, 0)
with δ = 0.011 at T = 35 K. In ω-scans they are not
resolved, because of the relatively large width of the re-
flections due to the less than optimal crystal quality.
The two-fold superstructure below Tc1 of TiOBr was
determined from the integrated intensities of the Bragg
reflections measured at T = 17.5 K.19 The result was
in complete accordance with the two-fold superstructure
of TiOCl,3 and it thus shows that the low tempera-
ture phase of TiOBr is a spin-Peierls state like that in
TiOCl.19
At T = 35 K the integrated intensities of the Bragg re-
flections up to (sin(θ)/λ)max = 0.62 A˚
−1 were measured
by ω-scans. As noticed above, each measured satellite in-
tensity corresponds to the superposition of two reflections
at (h+ q1, k + 0.5± δ, l), or at (h− q1, k + 0.5± δ, l),
while the two groups are separated from each other.
Structure refinements were performed within the super-
space approach for incommensurate structures,20,21 em-
ploying the computer program JANA2000.22 The diffrac-
tion data have orthorhombic mmm symmetry. Refine-
ments of the average structure against the intensities of
the main reflections showed that the room-temperature
structure in Pmmn is also valid as the average structure
at 35 K. Cooling had negatively affected crystal quality,
resulting in Full Widths at Half Maximum (FWHMs) of
the reflections up to 0.06 degrees at 50 K. A systematic
variation of reflection widths could not be observed be-
tween 50 K and 35 K. However, the splitting of reflections
due to a possible lowering of symmetry is expected to be
small, probably less than the observed FWHM above the
transition. As a consequence, information on a possible
lowering of the symmetry towards monoclinic could not
be derived from the reflection profiles.
Without direct information on the symmetry, two
possibilities exist for the superspace group. If the or-
thorhombic symmetry is preserved, the modulation is
two-dimensional with modulation wavevectors
q1 = (0.075, 0.511, 0)
q2 = (−0.075, 0.511, 0) (1)
at T = 35 K. The (3 + 2)-dimensional superspace group
is Pmmn(α, β, 0)(−α, β, 0)000, 000. The incommensu-
rate modulation is described by one harmonic for each
of the two waves (Eq. 1). Because all atoms are in the
mirror plane ma, the two harmonics are equivalent by
symmetry and three of the six independent components
are zero. This leads to modulation functions for each of
the three atoms Ti, O and Br given by three parameters
only,
ux(x¯s4, x¯s5) = u
1
x
[sin(2 pix¯s4)− sin(2 pix¯s5)]
uy(x¯s4, x¯s5) = u
1
y
[sin(2 pix¯s4) + sin(2 pix¯s5)] (2)
uz(x¯s4, x¯s5) = u
1
z
[cos(2 pix¯s4) + cos(2 pix¯s5)]
with x¯s4 = q
1·(x + L) and x¯s5 = q2·(x + L). x is the
average position of the atom in the unit cell, and L enu-
merates the unit cells.
A reduction of the symmetry to monoclinic with
unique axis a gives the same model for the modulation
functions as was obtained in orthorhombic symmetry.
Therefore this possibility was not considered any fur-
ther. Alternatively, monoclinic symmetry with unique
3axis c corresponds to a one-dimensional modulation with
wavevector q = q1, and with the (3 + 1)-dimensional su-
perspace group P2/n(α, β, 0)00. The modulation now is
a single wave, that can be obtained from Eq. 2 by remov-
ing all terms containing x¯s5. The diffraction symmetry
mmm implies that the crystal is twinned, if the sym-
metry is monoclinic, with the first domain modulated
by q1 and the second domain modulated by q2. Struc-
ture refinements, employing the nine independent mod-
ulation parameters, gave excellent fits to the diffraction
data with equal R-factors for both monoclinic symmetry
(assuming twinning) and orthorhombic symmetry.24 Fur-
thermore, both models give rise to equal values for the
structure factors, so that they cannot be distinguished
on the basis of the diffraction data.
III. DISCUSSION
Both structure models have equal values for the pa-
rameters, except for a scale factor of
√
2 between the
modulation amplitudes, that is explained by the differ-
ent assumptions on twinning (Table I). The two mod-
els share several features, that allow for conclusions on
the state of the intermediate phase. The major ampli-
tude is the displacement of Ti along b. This is similar
to the displacements in the low-temperature phase, and
it suggests that antiferromagnetic interactions between
Ti atoms along b are important in the incommensurate
phase. Displacements along a are small, in accordance
with the LT phase, where symmetry requires them to
be zero. Thus, the intermediate phase appears to be an
incommensurate version of the low-temperature two-fold
superstructure. The incommensurability determines that
the modulation amplitudes as well as Ti–Ti distances
assume all values between a maximum and minimum.
Alternatively, it cannot be excluded that the modula-
tion is a block-wave, that would correspond to domains
with a two-fold superstructure separated by domain walls
where the spin pairs would be broken. Both the con-
tinuous modulation as well as the domain model are in
accordance with incomplete spin-pairing and with the ob-
served finite value of χm in the intermediate phase.
Ru¨ckamp et al.9 have proposed that the incommensu-
rate phase is the result of frustration between intra- and
interchain interactions, for which a finite amplitude of the
modulation along a is required. The monoclinic model
with a 1D modulation is in accordance with this interpre-
tation. This model features displacements along a that
are small but vary in phase with the major displacement
along b (Eq. 2 and Fig. 3a).
Interference of the two waves in the orthorhombic
model implies that the displacements along a and b are
out of phase (Eq. 2 and Fig. 3b), i.e a large displace-
ment along b corresponds to zero displacement along
a. This is exactly as can be expected for a competi-
tion between intra- and interchain interactions, the for-
mer dominating in regions with large uy displacements
TABLE I: Structural parameters for the three independent
atoms in the incommensurate structure of TiOBr at T = 35
K. Basic structure coordinates x = (x0, y0, z0) are relative
to the lattice parameters a = 3.7849 (9), b = 3.4685 (7) and
c = 8.500 (2) A˚. Modulation parameters are given in A˚ (Eq.
2). Ti is at (0, 0.5, z0); O and Br are at (0, 0, z0).
Atom z0 u1x (A˚) u
1
y (A˚) u
1
z (A˚)
Pmmn(α, β, 0)(−α, β, 0)000, 000
Ti 0.11096 (6) -0.0043 (7) 0.0262 (6) -0.0116 (6)
O -0.05127 (23) 0.0031 (33) 0.0150 (20) 0.0160 (18)
Br 0.32947 (3) -0.0033 (6) -0.0062 (4) -0.0148 (3)
P2/n(α, β, 0)00 (c unique)
Ti 0.11096 (6) -0.0057 (11) 0.0369 (9) -0.0165 (8)
O -0.05126 (23) 0.0050 (46) 0.0213 (29) 0.0225 (26)
Br 0.32947 (3) -0.0049 (8) -0.0088 (5) -0.0210 (4)
and the latter being important in regions with small uy.
The model of frustrated spin-Peierls interactions could
also be supported by this interpretation of the crystal
structure.9 Alternatively, the 2D nature of the mod-
ulation wave in orthorhombic symmetry suggests that
the incommensurability might be the result of a com-
petition between spin-Peierls interactions on the chains
and 2D magnetic interactions between neighboring Ti
atoms along [0.5, 0.5,∼0.25], resulting in a helical mag-
netic structure coupled to the lattice distortion.23 The
latter interpretation is in accordance with the observed
increase of the two-dimensional character on increasing
temperature,7,10 and with the proposed contributions of
dxz and dyz symmetries to the orbital of lowest energy
and the increased admixture of these orbitals at higher
temperatures due to phonons.7,10,11,12,17
The two symmetries lead to completely different prop-
erties of the phase transition at Tc1. Structurally, the or-
thorhombic model can be considered a precursor to the
spin-Peierls state, and the phase transition is a lock-in
transition. On the other hand, the monoclinic model re-
quires that the unique axis switches from c to a at Tc1.
Accordingly, the domain structure of the material must
change, and a much more sluggish behavior of the tran-
sition, e.g. hysteresis, would be expected.
Previously, we have failed to observe incommensu-
rate satellites in the intermediate-temperature phase of
TiOCl. This is easily explained by the experimental
method, that involved scans along reciprocal lattice di-
rections, and thus might have missed possible satellites,
especially if the incommensurate components in TiOCl
will be larger than in TiOBr.
IV. CONCLUSIONS
We have found that TiOBr exhibits a second-order
phase transition at Tc2 = 47.1(4) K towards an incom-
mensurately modulated structure. Available experimen-
tal data indicate that this structure is either orthorhom-
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FIG. 3: One double layer of Ti atoms parallel to the a,b
plane. (a) For the 1D modulation in monoclinic symmetry.
(b) For the 2D modulation in orthorhombic symmetry. Atoms
are depicted at their basic positions, with shifts towards their
true position indicated by arrows with a length of 20 times the
true displacements. Dark and light circles represent Ti atoms
at −z0 and z0, respectively. The modulation was computed
in a 5× 11 supercell approximation.
bic with a two-dimensional modulation or monoclinic
with a one-dimensional modulation. Both structure mod-
els give rise to similar local structures. Arguments
have been given that favor or disfavor mechanisms for
the existence of the incommensurate phase, that involve
either frustrations between dimerized chains9 or two-
dimensional magnetic interactions23 in competition with
one-dimensional spin-Peierls interactions. The equiva-
lence of the low-temperature structures of TiOBr and
TiOCl shows that TiOBr is in a spin-Peierls state below
Tc1 = 26.8± 0.3 K.3,19
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